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Introduction
Current molecular systematics depends on PCR amplification of a few 'universal' genes to provide phylogenetic data. However, as the need for sequencing further genes is increasingly evident (Murphy et al. 2001; Wheeler et al. 2001; Philippe et al. 2004; Teeling et al. 2005) , expanding PCR approaches to a wider selection of genes becomes difficult because of the need to develop new degenerate primers for amplification of single copy loci. While the growing number of genome sequences may eventually be used for phylogenetic inferences across a broad sample of taxa, expressed sequence tags (ESTs) provide a more immediately available source of sequence data (Rudd 2003) .
Most publicly available ESTs have been generated for gene discovery or to complement genome sequencing efforts. Some ESTs have been compiled into sets of non-redundant clusters in public databases such as tigr (http://www.tigr.org/), PartiGeneDB (http://www.partigenedb.org/) and UniGene (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene). However, species for EST analyses have rarely been selected based on taxonomic criteria, which limits the use of ESTs for phylogenetic analyses and comparative genomics (but see the recent study of Parkinson et al. 2004b) . A concerted effort to enlarge EST databases to encompass disparate taxa should alleviate these problems (Bapteste et al. 2002; Theodorides et al. 2002) , and recent compilations of large multigene data sets combined from genome sequences and EST data have demonstrated the power of molecular sequences for resolving deep relationships in eukaryotes (Philippe, Lartillot, and Brinkmann 2005; Rodriguez-Ezpeleta et al. 2005 ). Here we explore the possibility of generating small EST databases for taxa specifically selected to obtain comprehensive coverage of target groups. We apply this approach to the Coleoptera (beetles), a group that includes nearly one third of all known species of animals (Erwin 1982; Hammond 1992; Beutel and Haas 2000; Caterino et al. 2002) , but where existing EST data are limited.
A critical problem for comparative studies is that ESTs from different taxa may not contain overlapping sets of genes. For example, given a conserved core of 6089 orthologous genes in the genomes of Drosophila melanogaster and Anopheles gambiae (Zdobnov et al. 2002) , the probability that 250 ESTs from each species retrieve a matching ortholog is only 1.68E-3 (250/6089 x 250/6089) if all genes are equally represented. The challenge of matching orthologous genes between taxa is amplified by the low expression of many transcripts; sequencing of tens of thousands of ESTs in D. melanogaster (Rubin et al. 2000) or Bombyx mori , fell short of reaching a full complement of predicted genes. However, even relatively small EST data sets consistently recover a subset of genes with conserved roles in core biological processes such as DNA replication, transcription and cell metabolism (Hsiao et al. 2001) . These genes should be suitable for phylogenetic analysis across a broad sample of taxa.
The use of nuclear genes as a source of phylogenetic data requires an appreciation of the complex nature of genome evolution, involving gene loss, duplications, expansion of gene families, and functional diversification. Assignment of gene orthology is difficult even between fairly closely related groups such as the dipteran A. gambiae and D. melanogaster, where genes diversified independently in each lineage (Zdobnov et al. 2002) . Increased taxon sampling can improve the confidence of orthology assignments by identifying the origin of gene copies, facilitating inferences on gene duplications, and clarifying the relationship between gene content and the diversity of lineages (Parkinson et al. 2004b ).
Here, we test the utility of dense taxonomic EST sampling, generating relatively small numbers of ESTs (<1000 clones) for each major group in the focal Coleoptera and several related groups of insects. Existing studies of basal relationships in the Coleoptera to date were based on the mitochondrial cox1 (Howland and Hewitt 1995) and the nuclear small subunit rRNA genes (Caterino et al. 2002) , but the use of a single locus in these cases was insufficient to resolve the main phylogenetic questions. Novel sources of phylogenetic information are highly desirable, and should preferentially rely on multiple single copy nuclear genes. Using EST based approaches that do not rely on degenerate PCR would be a great advantage in this diverse group of insects. We therefore used the Coleoptera to test critical questions about the feasibility of dense EST sampling for molecular systematics. 
Materials and methods

Insect specimens, RNA extraction, and cDNA library construction
Twenty-five species of insects, of which 14 were Coleoptera, and two outgroups were used for library construction (Table 1) . RNA was obtained from entire adult specimens, except for the use of larval wing discs in the butterfly Papilio dardanus (Cieslak & Vogler, unpublished) and of testes in the tiger beetles, Cicindela litorea and C. littoralis (Galian & Vogler, in preparation) . Seven published coleopteran EST libraries (Theodorides et al. 2002) were also included in the analysis.
Molecular procedures followed Theodorides et al. (2002) using the SMART method (Clontech Laboratories), and cloning of cDNA with the Topo TA cloning kit (Invitrogen). In total, over 31,000 clones were screened, and all plasmid inserts >600 bp were sequenced using BigDye technology on an ABI 3700 automated sequencer.
For most libraries, ESTs were sequenced in both directions to provide longer and more accurate sequences which is critical for phylogenetic analysis. Sequencher 4.1 (Gene Codes Corp, Ann Harbor, MI, USA) was used for sequence editing, including the automated removal of vector sequences and poor quality data.
Sequences were further edited manually to re-call ambiguities and resolve conflicting base calls in forward and reverse reads where multiple clones were available. Edited sequences were clustered into contigs in Sequencher at high stringency to obtain "Tentative Unique Genes" (TUGs) for each library, and exported for further analysis.
We also used a fully automated method for sequence editing with the Trace2dbest perl script (Parkinson and Blaxter 2004) , based on the Phred base-calling software . The PartiGene script (Parkinson et al. 2004a) was used to cluster redundant sequences using the CLOBB EST software (Parkinson, Guiliano, and Blaxter 2002) and Phrap (P.Green, unpublished) . The manually edited EST sequences were submitted to the NCBI EST database ( 
Sequence clustering and phylogenetic analysis
EST sequences were subjected to Blast comparisons against GenBank using blastn (nucleotide-nucleotide searches) and tblastx (conceptual protein translations) (Altschul et al. 1990 ). Where significant matches were found (e-value >10 -5 ) and putative gene identity established by these sequence comparisons, TUGs were assigned gene ontology (GO) classifications by comparing deduced amino acids with the Uniprot database and parsing of the Uniprot GO table (http://www.ebi.ac.uk/uniprot/index.html). Gene classifications were accepted if our data had 30% similarity over >100 amino acids with curated data and a significant Evalue (>10 For clustering, similarity between TUGs within and between libraries was determined using tblastx searches. For each TUG, its tblastx hits were examined and if the similarity was above a specified threshold then a cluster was made. These firstpass clusters contained many TUGs in more than one cluster, so these clusters were themselves iteratively merged and redundant sequences removed, until there were no sequences contained in more than one cluster. The Python scripts used for clustering are available from PGF on request. TUGs clustered in searches were translated in Sequencher and aligned with ClustalX (Thompson et al. 1997 ).
For phylogenetic analysis from these clusters, we focused specifically on the RP genes as each had only a single transcript in each Coleoptera species (see Results).
After minor sequence editing and verification of transcript fidelity, the most complete amino acid sequences were used for conceptual translations using ClustalX and submitted to EMBL nr databases (Supplementary Material A). Three further Coleoptera, Tribolium castaneum (Savaud and Tautz, unpublished), Callosobruchus maculatus (Pedra et al. unpublished) and Ips pini (Eigenheer et al. 2003) with public ESTs in GenBank were also searched for RPs and used in the phylogenetic analysis.
After excluding the smallest EST libraries (Silpha atrata and Tribolium confusum), we concatenated data from 66 RPs found in four or more species of Coleoptera, which correspond to minimal phylogenetic clusters (sensu Driskell et al. 2004 ). Regions of uncertain amino acid alignment homology were removed using Gblocks 0.91b (Castresana 2000) . Phylogenetic analysis was conducted with parsimony, with a heuristic search strategy (random taxon addition, 100 replicates; TBR branch swapping). We used PAUP to calculate non-parametric bootstrap scores ( (http://bioinf.nuim.ie/software/modelgenerator). With both models, we accounted for among site rate variation (ASRV) using a gamma distribution and a proportion of invariant sites (pInvar). Bayesian analyses were also conducted using the latter model on the concatenated multi-gene data set with MrBayes v3.1.1 (Huelsenbeck and Ronquist 2001) . Nodal support was assessed as posterior probability from 2 independent runs each with 4 chains of 1,000,000 generations in the MCMC procedure (the first 500,000 generations were discarded as "burnin"). In an alternative super-tree approach, the same amino acid alignments from each RP gene were first used individually for parsimony analysis using branch and bound searches. For each RP, the strict consensus tree(s) were saved to file, and resolved nodes recoded as binary state using matrix representation with parsimony (MRP) coding (Baum 1992; Ragan 1992 ) with Clann 2.0.1 .
Results
Characteristics of the libraries
Among the EST libraries for 32 insect species, plus two arthropod outgroups (a spider and millipede), we sampled 20 species of Coleoptera, with representatives from each of the four suborders, and a selection of all major groups (Series) in the large suborder Polyphaga. Together, the libraries contained 23,026 EST sequences with high quality base calls, ranging from 29 to 1341 ESTs per taxon (Table 1 ). In total, 8728 TUGs were obtained after semi-manual editing (Material and Methods).
Automated editing of the same data produced 8910 unique sequences, with ~7% fewer sequences in redundant groups and 12% more singletons (Table 1) . Overall sequence similarity and statistical analysis (below) produced similar results as the manually edited sequences, and hence the automated EST clustering appears sufficiently reliable for the initial compilation of large data sets, in particular as sequence quality increases with greater number of ESTs in a TUG.
According to the GO categorization of the 34 EST libraries (Table 2) (Table 2 and SimiTri graphics at http://darwin.zoology.gla.ac.uk/~jhughes/SimiTri/), as expected with decreased phylogenetic proximity.
Clustering between libraries
The presence of putative orthologs across libraries is critical for EST data to be useful in molecular systematics. Using the blastn algorithm, we found that between 10% and 53% of unique sequences in a given library had matches (E-value < 10 -5 ) with the data set containing all the other libraries (Table 2) (Table 3A ; Supplementary Material D), included genes for which exceptional levels of mRNA expression have been established (Hsiao et al. 2001 ). The largest clusters included RPs and mitochondrial genes. Sequences from known protein families were also present in the clusters, such as tubulins, myosins and Troponin I. Three clusters contained elongation factor genes (EF-1 alpha homologs, EF-1 beta and EF-2).
Interestingly, there were four clusters of genes that did not have any blast matches, and six clusters that only showed matches to D. melanogaster and A. gambiae genes of unknown function (Supplementary Material D) . Along with mitochondrial genes, several nuclear genes detected in multiple EST libraries have been used widely in insect molecular systematic studies (Caterino, Cho, and Sperling 2000) . These included 28S rRNA (represented in EST libraries of 14 sp.), EF1-alpha (13 sp.), H3 histone (7 sp.), and Cu, Zn -superoxide dismutase (7 sp.).
The number of clusters and their size were strongly dependent on the significance level of the Blast search, partly due to the separation of paralogs at higher stringency. This was evident in tubulins (breaking up into alpha and beta superfamilies at higher stringency), myosins (separating to light chain 1 and regulatory light chain II) and Troponin I (separating to Troponin I a1 and b1). Table 3B presents those clusters with the number of unique sequences equal to the number of taxa (libraries), i.e. where each taxon contributes only one ortholog. Such potentially paralogy free clusters included a maximum of 14 taxa. Many of these were identified as coding RP genes and were used to test the phylogenetic utility of the EST database.
The higher coleopteran (beetle) phylogeny from ribosomal proteins.
Out of a complete set of 76 non-acidic RPs found in insects (Landais et al. 2003) , our typical EST libraries (with between 200-500 double-strand sequenced ESTs) recovered between 10-30 RPs, with notably fewer copies detected in smaller libraries (Fig. 1) . We also included data with existing larger EST resources for Tribolium (1825 ESTs) and Ips (1671 ESTs), which yielded a much higher proportion of RP genes, and higher transcript redundancy (e.g. T. castaneum had a mean of 5
ESTs/RP ± 3 standard deviation). In each taxon, redundant sequences easily grouped together to generate a single transcript for each RP. The ease of grouping redundant transcripts increased confidence that most, if not all RPs have a single expressed copy in Coleoptera, and hence that phylogenetic analyses were conducted across orthologous sequences.
Overall, these data suggest that the number of detected RP genes increases linearly with greater numbers of ESTs (Fig. 1, R   2 = 0.7006; y= 0.0278x), and further predicts that libraries of ~2000 ESTs obtained from whole adult specimens can yield complete sets of RPs. The linear increase is consistent with the fact that different RP genes were recovered in the different organisms (Fig. 2) , even if a similar total number of RPs was detected. This might indicate that most RPs genes have a similar chance to be cloned in our relatively small libraries, but the total ESTs sequenced needs to be higher than a few hundred ESTs to obtain the complete set of 76 RPs.
Phylogenetic analysis was conducted to establish basal relationships in the Coleoptera with 66 RP genes using both a "supertree" (derived from topology of individual gene trees) and a "supermatrix" (derived by simultaneous phylogenetic analysis of all sequence information). Ten additional RP genes were detected in less than four out of the 20 Coleoptera species and could not be used for phylogenetic analysis. After removing these sequences and the alignment sensitive regions from all other genes (Material and Methods), the final data matrix included a total of 10,403 amino acid residues, with individual taxa represented by 447 (Platystomos) to 9151 (Tribolium) residues with an average 2976 ±1892 residues and an overall degree of matrix completion of 28.6%. Individual genes were represented in between 4 and 10 taxa. When all 76 RPs are considered, the mean number of taxa per gene was 5.68.
All methods of tree construction (MP, ML, Bayesian and supertree) produced similar tree topologies (Fig. 3) . At the deepest nodes, when rooted with the suborder Archostemata, the remaining coleopteran suborders resolved as (Adephaga (Staphyliniformia) supported the Haplogastra uniting both Series (Crowson, 1955) , but rendered the Staphyliniformia paraphyletic in accordance with recent findings (Korte et al., 2004; Caterino, Hunt, and Vogler 2005) we have almost doubled the taxonomic coverage of arthropod orders, including the first EST libraries for Strepsiptera, Rhaphidiodea, Trichoptera, Mecoptera and Thysanura, and added over 11,000 ESTs from the Coleoptera, arguably the most diverse insect order, sampled from the broadest possible taxonomic diversity.
Our main aim was to test whether generating a small number of ESTs sampled from a broad sample of taxa would be a suitable approach to phylogeny reconstruction. The findings confirm that even small libraries (<1000 clones) show high levels of matching TUGs. Even with an average library size of 257 unique sequences, we recovered a conserved core of genes represented consistently across libraries. Many of these genes had not previously been used for phylogeny reconstruction, increasing the spectrum of molecular markers available to insect systematics. The most widely detected clusters contained mtDNA transcripts, enzymes and RPs. However, tree construction was impeded by the great proportion of missing data entries, in particular due to several of the smaller libraries in our data set. Based on the completeness of RP representation in the libraries (Fig. 1) , we extrapolate that approximately 2000 ESTs are needed to recover these highly expressed genes consistently when extracting total RNA from a whole adult specimen. Using embryonic tissues, for example, with a high rate of biosynthesis may increase the proportion of RPs in the libraries and lower the number of ESTs needed to generate the complete set of RPs in each taxa.
Such as large number of sequences may appear to be a costly way to establish phylogenetic relationships between taxa. However, the success of sequencing multiple single copy loci to resolve the deeper nodes within the Tree of Life (e.g., in mammals: Murphy et al. 2001; Teeling et al. 2005 ) cannot easily be extended to most groups via traditional PCR methods using degenerate primers. Our efforts to amplify even a few non-standard single-copy genes consistently within or across different superfamilies of the Coleoptera have largely failed (unpublished) and the best results to date were obtained when the primers have been based on the EST sequences obtained here (Pons et al. 2004) . As automation advances and the cost of sequencing decreases, dense EST sampling is likely to become a more cost-effective approach for acquiring single-copy nuclear markers for the deep level molecular systematics of many groups.
A perhaps unexpected finding was the high degree of paralogy in most clusters evident from the large number of within-library similarity hits. Paralogs can prohibit the determination of species relationships and mislead phylogenetic inferences if they are not detected. However, tentative orthologous clusters (i.e., with only a single member per taxon) were readily detected and included up to 14 of the 34 taxa (some of which were present in very small libraries). In future, some of these genes may prove not to be paralogy free, but it is reassuring that they include a number of housekeeping genes, such as RPs, which are known to be largely paralogy free across Metazoa (Landais et al. 2003; Philippe et al. 2004) . Other large clusters that were paralogy-free under high clustering stringency only (Table 3A) , will require further analyses to separate different paralogy groups.
For molecular systematics, EST sequencing exposes us to hundreds of loci for which we have no existing information about the pattern of molecular variation and phylogenetic information content. At this early stage of comparative EST sequencing, it already seems obvious only a minority of the available genes will emerge as useful for reconstructing phylogenetic relationships at the deeper hierarchical levels, whereas most gene sequences will be shown to suffer from shallow paralogy possibly linked to functional diversity. As EST sequences tend to be short, well-supported phylogenetic trees will only emerge when several genes of overlapping resolution are combined, together enhancing the phylogenetic signal (Olmstead and Sweere 1994; Gatesy et al. 1999) . However, simultaneous analysis is only justified once orthology has been established.
Clearly, the RP genes provide such a resource, and were used here to provide valuable insight into the phylogeny of Coleoptera (Fig. 3) . The relationships among the four sub-orders of Coleoptera have long been controversial (Hennig 1981; Lawrence and Newton 1995; Beutel and Haas 2000) , with each of the three possible arrangements supported by reputable studies (Kukalová-Peck and Lawrence 1993; Beutel and Haas 2000; Caterino et al. 2002) . The supermatrix analysis based on 66
RPs suggests a placement of Myxophaga as sister to Polyphaga which is consistent with the traditional view, going back to Crowson (1955; 1960) , and several later studies based on various morphological character systems. These results conflict with those from 18S rRNA, which place Polyphaga with Adephaga as the sister, not Myxophaga (Caterino et al. 2002) , but phylogenetic conclusions from this gene are affected by length variation and rate heterogeneity, and hence independent evidence from RPs is very valuable. Within the Polyphaga, the EST data supported the general ideas about basal relationships of the Series (the five traditional family groups of Polyphaga), including the paraphyly of Staphyliniformia with respect to Scarabaeiformia (Korte et al. 2004; Caterino et al. 2005) , the paraphyly of Elateriformia and their basal position within Polyphaga (Caterino et al., 2002) , and the monophyly of the large Cucujiformia and of the large phytophagous Chrysomeloidea and Curculionoidea ("Phytophaga").
In conclusion, we used dense EST sampling for molecular systematics, to avoid difficult PCR based methods and extend the range of gene markers for multigene phylogenetics. Comparable studies in nematodes (Parkinson et al. 2004b ) and Apicomplexa (Li et al. 2003 ) focussed on gene discovery and comparative genomics, and it will be interesting to use these much larger EST data for phylogenetic analysis in the way proposed here. It is evident from our analysis that phylogenetic inferences will suffer from the unexpectedly high level of paralogy affecting most of the highly expressed loci, unless paralogy groups whose origin precede the separation of the focal taxa, can be separated a priori (Philippe, Lartillot, and Brinkmann 2005; Rodriguez-Ezpeleta et al. 2005 ).
Many questions remain for the use of the broad EST approach, for example, which molecular techniques are most suitable for enriching desired loci prior to sequencing, or the utility of tissue specific libraries to reduce the recovery of paralogous sequences. For example, libraries of Papillio dardanus were obtained from wing discs and included a much higher proportion of RPs than most other libraries which were obtained from total adult tissue (Table 2 ). Furthermore, for comparative studies, bidirectional sequencing of ESTs and careful curation of redundant sequences is important to mitigate problems otherwise introduced by sequencing and partial gene sequences. However, the best strategy might be to sequence the majority of ESTs in a single direction and only sequence the reverse direction when the full length of specific genes is missing.
RP genes apparently were little affected by recent paralogy and provide a formidable resource for deep level phylogenetics. With 66 genes included here in an analysis of Coleoptera, this represents a great advance over the existing trees from single genes (Howland and Hewitt 1995; Caterino et al. 2002) . However, as the matrix includes some 71.4% of missing data, support levels inevitably will be low (Wiens 2003; Hughes and Vogler 2004; Philippe et al. 2004 ) even if the effect may be less pronounced with greater number of genes (Driskell et al. 2004 ). Yet, presenting just under 9,000 unique nuclear sequences, the current study provides a foundation for multi-locus phylogenetics of Coleoptera and other insect groups. Dense taxonomic EST sampling will offer us new opportunities for phylogenetic analysis while also providing a less myopic glimpse of the functional and evolutionary diversity in the most species rich lineage on Earth. 
